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Abstract  
Research in animal models have shown that exposing the eye to positive or negative 
spectacle lenses can lead to predictable changes in eye growth. Recent research indicates that brief 
periods (1 – 2 hours) of monocular defocus results in small, but significant changes in axial length and 
choroidal thickness of human subjects. However, the effects of the time of day on these ocular 
changes with defocus are not known. In this study, we examined the effects of monocular myopic and 
hyperopic defocus on axial length and choroidal thickness when applied in the morning (change 
between 10 am and 12 pm) vs the evening (change between 5 and 7 pm) in young adult human 
participants (mean age, 23.44 ± 4.52 years). A series of axial length (using an IOL Master) and 
choroidal thickness (using an optical coherence tomographer) measurements were obtained over 
three consecutive days in both eyes. Day 1 (no defocus) examined the baseline ocular measurements 
in the morning (10 am and 12 pm) and in the evening (5 and 7 pm), day 2 investigated the effects of 
hyperopic and myopic defocus on ocular parameters in the morning (subjects wore a spectacle lens 
with +3 or -3 DS over the right eye and a plano lens over the left eye between 10 am and 12 pm), and 
day 3 examined the effects of defocus in the evening (+3 or -3 DS spectacle lens over the right eye 
between 5 and 7 pm). Exposure to myopic defocus caused a significant reduction in axial length and 
thickening of the subfoveal choroid at both times; but, compared to baseline data from day 1, the 
relative change in axial length (-0.021 ± 0.009 vs +0.004 ± 0.003 mm, p=0.009) and choroidal 
thickness (+0.027 ± 0.006 vs +0.007 ± 0.006 mm, p=0.011) with defocus were significantly greater for 
evening exposure to defocus than for the morning session. On the contrary, introduction of hyperopic 
defocus resulted in a significant increase in axial length when given in the morning (+0.026 ± 0.006 
mm), but not in the evening (+0.001 ± 0.003 mm) (p=0.047). Furthermore, hyperopic defocus resulted 
in a significant thinning of the choroid (p=0.005), but there was no significant influence of the time of 
day on choroidal changes associated with hyperopic defocus (p=0.672). Exposure to hyperopic and 
myopic defocus at different times of the day was also associated with changes in the parafoveal 
regions of the choroid (measured across 1.5 mm nasal and temporal choroidal regions on either side 
of the fovea). Our results show that ocular response to optical defocus varies significantly depending 
on the time of day in human subjects. These findings represent a potential interaction between the 
signal associated with the eye’s natural diurnal rhythm and the visual signal associated with the 
optical defocus, making the eye perhaps more responsive to hyperopic defocus (or ‘go’ signal) in the 
morning, and to myopic defocus (or ‘stop’ signal) in the latter half of the day.    
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1. Introduction 
During the postnatal period, an active regulatory process harmonises the expansion of axial 
length with the corneal and crystalline lens powers so that distant images focus at the retinal plane 
(Smith, 1998; Wallman and Winawer, 2004). This process is known as emmetropization. Any 
disruption to this coordinated mechanism of ocular growth results in the development of refractive 
errors; eyes being either too short (hyperopia) or too long (myopia) with respect to the optical power 
of the eye (Wallman and Winawer, 2004).   
Myopia is the most common refractive disorder (Morgan et al., 2012; Saw et al., 1996), and 
represents the highest incidence of all refractive errors globally (Morgan et al., 2012). In some regions 
of Asia, its prevalence reaches 70-80% (Au Eong et al., 1993; Edwards and Lam, 2004; Lam et al., 
2004; Lin et al., 2001; Morgan et al., 2012) to as high as 96% (Jung et al., 2012) of young adults. 
Myopia represents a “complex” disorder with both environmental (such as near work and outdoor light 
exposure) and genetic origins (Farbrother et al., 2004; Jones et al., 2007; Morgan et al., 2017; Rose 
et al., 2008; ZADNIK, 1997). However, despite extensive research, the exact mechanism underlying 
the development and progression of myopia remains elusive.    
A large body of work on different animal models have shown that the visual environment (or 
image quality) regulates the refractive development of the eye (Wallman, 1993; Wallman and 
Winawer, 2004). Previous studies have frequently used two experimental approaches: 1) form-
deprivation myopia, where image degradation through a diffuser induces myopia (Howlett and 
McFadden, 2006; Siegwart Jr and Norton, 1998; Smith et al., 2002; Wallman et al., 1978; Wallman et 
al., 1995); and 2) wearing spectacle lenses to shift the image plane in front or behind the retina, 
inducing compensatory changes in eye growth to reposition the retina at the defocused image plane 
(Howlett and McFadden, 2009; Hung et al., 1995; Irving et al., 1991; Schaeffel et al., 1988; Smith and 
Hung, 1999; Wallman et al., 1995). Myopic defocus with plus lenses leads to a thickening of the 
choroid (pushing the retina forward) and a reduction in the overall growth of the eye, thus, causing a 
hyperopic refractive error. Conversely, hyperopic defocus with minus lenses leads to a thinning of the 
choroid (moving the retina backward) and an increase in ocular growth, resulting in myopia.    
In chicks, the ocular response to lens defocus depends on the frequency of exposure and the 
duration of each exposure, and not just the “total duration” per day (Winawer and Wallman, 2002; 
Zhu, 2013; Zhu et al., 2005; Zhu and Wallman, 2009). In addition, recent chick studies have shown 
the influence of the time of day on the eye’s response to lens defocus (Nickla et al., 2017a; Nickla et 
al., 2017b). A brief 2-hour exposure to hyperopic defocus in the morning results in a small but 
significant increase in eye growth of chicks, compared to mid-day exposure to defocus (Nickla et al., 
2017a). Conversely, the same duration of myopic defocus stimulates less inhibitory effect on ocular 
growth when imposed in the morning, compared to the evening or mid-day (Nickla et al., 2017b).   
Recent human studies have documented small, transient changes in axial length (measured 
from corneal apex to the retinal pigment epithelium or RPE) and choroidal thickness in response to 1 
to 2 hours of myopic and hyperopic defocus in young adult subjects (Chiang et al., 2015; Read et al., 
2010a; Wang et al., 2016). This suggests that the human visual system is able to detect the presence 
and sign of imposed defocus and make compensatory changes in axial length. However, these 
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studies have employed optical defocus at only one specific time of the day (i.e. either in the morning 
or in the evening) (Chiang et al., 2015; Read et al., 2010a; Wang et al., 2016) or for a continuous 
period of 12 hours (Chakraborty et al., 2012, 2013). Furthermore, there were significant differences in 
the timing of imposed defocus between studies, ranging from 9 am to 12 pm (Read et al., 2010a; 
Wang et al., 2016) and 12 pm to 5 pm (Chiang et al., 2015). Given that human axial length and 
choroidal thickness undergo significant diurnal variations throughout the day (Chakraborty et al., 
2011; Read et al., 2008; Stone et al., 2004; Tan et al., 2012), the ocular response to defocus may 
significantly vary depending on the time of day it is imposed. For instance, the increase in axial length 
with hyperopic defocus may vary when given in the morning (when the eyes are naturally longer) vs 
when given in the evening (when the eyes are naturally shorter) (Chakraborty et al., 2011; Stone et 
al., 2004).  
In this study, we examined whether the ocular response to myopic and hyperopic defocus 
differ at different times of the day. More specifically, we investigated the effects of myopic and 
hyperopic defocus on axial length and choroidal thickness when imposed in the morning (between 10 
am and 12 pm) and when imposed in the evening (5 to 7 pm) in young adult human participants.      
  
2. Materials and methods 
2.1 Participants and procedures  
Young adult, near-emmetropic participants between the ages of 19 and 30 years (mean ± SD, 
23.44 ± 4.52) were recruited to examine the effects of myopic (n=12, male=6; female=6) and 
hyperopic (n=13, male=6, female=7) defocus at different times of the day. A total of ten subjects 
participated in both hyperopic and myopic defocus experiments. Prior to participation, all subjects 
underwent a comprehensive ophthalmic examination to assess their refractive status and ocular 
health. The mean spherical equivalent refraction (SER) was -0.03 ± 0.29 and -0.04 ± 0.28 DS for 
participants in myopic and hyperopic defocus experiments respectively. All subjects had normal 
logMAR visual acuity of 0.00 or better, and astigmatic refractive error of ≤ 0.75 DC. Approval from the 
Southern Adelaide Local Health Network (SALHN, ID:156.17) was obtained, and all subjects gave 
written informed consent. All subjects were treated in accordance with the Declaration of Helsinki.   
To investigate the effects of myopic and hyperopic defocus at different times of day, 
measurements of axial length and choroidal thickness were obtained from both eyes over three 
consecutive days (Figure 1). On day 1 (baseline day, no defocus), normal ocular biometric 
measurements in the absence of defocus were collected at 10 am, 12 pm, 5 pm and 7 pm. On day 2 
(morning defocus day), following the first measurement session at 10 am, participants wore spectacle 
lenses that induced either a myopic or hyperopic defocus in their right eye only (+3.00 or - 3.00 DS 
right eye, plano left eye) for a period of two hours. The influence of optical defocus on ocular 
parameters was measured 2 hours after the introduction of defocus (i.e. 12 pm). Day 3 (evening 
defocus day) examined the effects of defocus in the evening with measurements taken at 5 pm, and 2 
hours after exposing the eye to defocus at 7 pm (+3.00 or - 3.00 DS in the right eye). It has been 
shown that imposing hyperopic or myopic defocus may change the magnitude and/or phase of axial 
length and choroidal thickness rhythms in human participants (Chakraborty et al., 2012, 2013). 
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Therefore, to avoid the confounding effects of altered diurnal variations on ocular changes with optical 
defocus, morning and evening experiments were performed on separate days. For individuals that 
participated in both hyperopic and myopic defocus experiments, a single baseline measurement (day 
1) was used for both defocus conditions if the two experiments were completed within a period of 1 
week (n=4). For participants where myopic and hyperopic defocus experiments were separated by >1 
week (n=6), two separate baseline sessions (i.e. three consecutive days each for myopic and 
hyperopic defocus) were carried out for optimal comparison.  
On the day of experiment, each measurement took approximately 12 – 15 minutes, and 
subjects were instructed to carry out their normal daily activities between the measurement sessions. 
Given that factors such as accommodation (Mallen et al., 2006; Read et al., 2010b; Woodman et al., 
2012) and exercise (Read and Collins, 2011) can cause short-term changes in axial length and 
choroidal thickness, a period of 10 minutes of binocular distance viewing (sitting and viewing an 
object at 6 m) in dim light ( 10 lux) was observed to wash out any residual effects of previous visual 
activities on measurements, as described elsewhere (Chakraborty et al., 2012). Spectacles were 
removed immediately prior to the measurements.   
Axial length (measured from the anterior corneal surface to the RPE) measurements from 
each eye were obtained using the IOLMaster 500 (IOLMaster 500, Carl Zeiss, Jena, Germany). Three 
measurements of axial length (i.e. an average of 15 readings) for each subject at each measurement 
session were averaged for further analysis. The instrument has an excellent test-retest repeatability of 
≤ 0.01 mm for axial length measurements (Carkeet et al., 2004; Sheng et al., 2004). The Cirrus HD 
spectral domain optical coherence tomographer (OCT) was used for choroidal thickness 
measurements (Cirrus HD-OCT 5000, Carl Zeiss Meditec Inc, Dublin, CA, USA). Three horizontal 6 
mm, HD 5-line raster scans were taken from each eye at each measurement session using the 
enhanced depth imaging (EDI) mode. The spacing between the lines was kept at 0 mm to allow for 
multiple B-scans to be collected from the same retinal location. The instrument uses an 840 nm 
superluminescent diode and a scanning speed of 27,000 to 68,000 A-scans/second to capture high 
definition images of the posterior eye with axial resolution of 5 µm and transverse resolution of 15 µm 
in the tissue.      
 
2.2. Data analysis 
Following data collection, the OCT scans were exported from the instrument for detailed 
analysis using custom written software. The software allowed for automatic segmentation of chorio-
retinal images for the calculation choroidal thickness (Alonso-Caneiro et al., 2013). Automatic 
segmentations were checked for accuracy, and if required, were manually adjusted for any 
segmentation errors.  
Choroidal thickness (the distance from the RPE to the inner edge of the choroid/scleral 
interface) could not be calculated for one participant in each defocus condition due to poor visibility of 
the choroid/scleral interface. As illustrated in Figure 2, we calculated the thickness of the choroid at 
the fovea (or subfoveal choroidal thickness, SFCT) and across 1.5 mm nasal and temporal parafoveal 
choroidal regions on either side of the fovea (PFCT) (data combined for a series of 0.5 mm width 
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zones located at 0.5, 1.0 and 1.5 mm on either side of the fovea as described elsewhere) 
(Chakraborty et al., 2012).  
The average of all biometric parameters for each subject at each measurement session was 
calculated. The data from the right and the left eye were analysed separately in order to examine the 
effects of defocus in the right eye, and any potential cross-over effects of defocus in the non-
defocused left eye. From the average of ocular measurements at each measurement session, the 
mean change in the morning (difference between the 12 pm and 10 am measurement), and the mean 
change in the evening (difference between the 7 and 5 pm measurement) were calculated for each 
measured variable. Similar to our study, previous human studies have commonly presented the effect 
of optical defocus on ocular parameters as absolute change with reference to the baseline (or 
beginning of the defocus treatment) measured over a given period of time (Chiang et al., 2015; Read 
et al., 2010a; Wang et al., 2016). There were no significant differences in ocular biometrics at morning 
10 am on day 1 and day 2 or evening 5 pm on day 1 and day 3 for either defocus experiment 
(Student’s t-test, p>0.05, data not shown). Therefore, “change in the morning” and “change in the 
evening” measurements allowed for optimal comparison of ocular changes with defocus at different 
times of the day (days 2 and 3) in relation to the baseline ocular measurements on day 1 (no 
defocus). The net effect of defocus on each ocular parameter in the morning (i.e. change in the 
morning with defocus on day 2 - change in the morning without defocus on baseline day 1) and 
evening (i.e. change in the evening with defocus on day 3 - change in the evening without defocus on 
baseline day 1) were also calculated for both right and left eyes (presented in Table 2 and 
Supplementary data).             
Statistical analyses were performed using commercial software (SigmaStat 3.5, Aspire 
Software International, Ashburn, VA). For each eye, changes in axial length and choroidal thickness 
(both SFCT and PFCT) with defocus at different times of day were analysed with repeated-measures 
two-way analysis of variance (ANOVA) and Holm-Sidak post-hoc tests for statistical significance, 
using two within-subjects factors (“time of day” and “defocus”). In case of a significant cross-over 
interaction between the two main variables, while one or both main effects are not significant, 
SigmaStat automatically runs the post hoc analysis on the data to identify the cause of the interaction. 
This is done to study the effect or impact of one variable in terms of the impact on the second variable 
(and vice versa) (Marascuilo and Levin, 1970). To examine the baseline differences between the 
nasal and temporal regions of the parafoveal choroid, the repeated-measures ANOVA was used with 
“region” and “time of day” as within-subjects factors. To investigate the association between the 
changes in axial length and choroidal thickness, a regression analysis was performed using the least-
squares approach. To provide an assessment of the within-session variability for each of the 
measured parameters, the average within-session range and within-session standard deviation 
(Bland and Altman, 1999), and the mean coefficient of variation for each variable were also 
calculated.  A p-value of less than 0.05 was considered to be statistically significant. All data are 
expressed as mean ± standard error of mean (SEM).   
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3. Results 
3.1 With-in session measurement repeatability  
 The with-session variability (i.e. within-subject SD and coefficient of variation) was small for 
axial length (mean coefficient of variation of 0.04% for both defocus conditions), and subfoveal 
choroidal thickness (mean coefficient of variation, 3.72% and 3.94% for myopic and hyperopic 
defocus respectively), but slightly greater for parafoveal choroidal thickness (mean coefficient of 
variation, 4.71% and 4.88% for myopic and hyperopic defocus conditions) (Table 1). Overall, the 
measured with-in session repeatability for choroidal measurements was found to be slightly higher 
than previously published research (average coefficient of variation, 1.82% and 2.50% for subfoveal 
and parafoveal measures) (Chakraborty et al., 2012), which may be due to different segmentation 
methods applied in these studies (manual segmentation vs automated segmentation with minimal 
manual adjustment in the current study).              
 
3.2 Myopic defocus  
3.2.1 Axial length 
The raw mean axial length at each measurement session across each of the three days, the 
mean change in axial length with myopic defocus in the morning and in the evening, and the net effect 
of defocus on axial length at different times of the day for the right and left eyes are presented in 
Table 2. In figures 3 and 4, blue bars represent normal diurnal changes in ocular parameters without 
defocus measured at different times of the day, whereas red bars represent ocular changes with 
morning and evening exposure to defocus.  For the right eye (that was exposed to defocus on days 2 
and 3), the effects of myopic defocus were significantly different depending on the time of day (two-
way repeated measures ANOVA time of day by defocus interaction F(1,47) = 9.896, p=0.009, Figure 
3A). On the baseline day (no defocus), there was a significant increase in axial length in the morning 
(mean change between 12 pm and 10 am: +0.016 ± 0.006 mm), but no major change in axial length 
the evening (mean change between 7 and 5 pm, +0.002 ± 0.002 mm, Holm-Sidak multiple 
comparisons, p<0.05). Introduction of myopic defocus in the morning (day 2) as well as in the evening 
(day 3) led to a significant reduction in axial length compared to the baseline sessions on day 1; 
however, the change in axial length was found to be significantly larger for defocus in the evening 
(mean change, -0.021 ± 0.009 mm) than that resulting from defocus in the morning (+0.004 ± 0.003 
mm, Holm-Sidak multiple comparisons, p<0.05), indicating differential effects of the time of day on 
ocular response to myopic defocus.        
There were small changes in the left eye (that was not exposed to defocus) associated with 
myopic defocus in the right eye (two-way repeated measures ANOVA time of day by defocus 
interaction F(1,47) = 7.367, p=0.020, Figure 3B). In comparison with day 1, myopic defocus in the 
evening on day 3 caused a small, but significant increase in axial length of the left eye (change on 
day 3, +0.007 ± 0.003 mm; change on day 1, -0.002 ± 0.003 mm, Holm-Sidak multiple comparisons, 
p<0.05); however, morning exposure to defocus on day 2 had no significant effect on left eye’s axial 
length (change on day 2, +0.007 ± 0.002 mm; change on day 1, +0.012 ± 0.002 mm, p>0.05).   
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3.2.2 Subfoveal choroidal thickness  
 Consistent with axial length changes in the right eye, subfoveal choroid exhibited significant 
differences in its thickness depending on the time of day of myopic defocus (two-way repeated 
measures ANOVA time of day by defocus interaction F(1,42) = 9.474, p=0.011, Table 2 and Figure 
4A). On baseline day 1, the change in SFCT in the morning (change between 10 am and 12 pm:         
-0.013 ± 0.007 mm) was not significantly different from the change in SFCT observed in the evening 
(change between 5 and 7 pm: -0.005 ± 0.006 mm, Holm-Sidak multiple comparisons, p>0.05). 
Importantly, exposure to myopic defocus on days 2 and 3 resulted in significant thickening of the 
choroid, but the change in SFCT was significantly greater for the evening defocus (day 3, +0.027 ± 
0.006 mm) than for the morning defocus (day 2, +0.007 ± 0.006 mm, Holm-Sidak multiple 
comparisons, p<0.05, Figure 4A).    
 Myopic defocus in the right eye caused smaller changes in SFCT of the left eye (two-way 
repeated measures ANOVA time of day by defocus interaction F(1,41) = 8.743, p=0.018, Table 2 and 
Figure 4B). With reference to day 1, defocus in the morning between 10 am and 12 pm led to a 
greater thickening of the choroid (change on day 2, +0.005 ± 0.005 mm; change on day 1, -0.012 ± 
0.004 mm, Holm-Sidak multiple comparisons, p<0.05) compared to when given in the evening 
between 5 and 7 pm (change on day 3, +0.008 ± 0.003 mm; change on day 1, +0.006 ± 0.002 mm, 
p>0.05).   
  
3.2.3 Parafoveal choroidal thickness 
  Supplementary data shows the raw mean PFCT, changes in the parafoveal choroid (both 
nasal and temporal regions) with myopic and hyperopic defocus imposed at different times of the day, 
as well as the net effect of defocus on PFCT on each eye. In the right eye, there were significant 
differences in the PFCT between the nasal and temporal regions (average thickness of all four 
measurement sessions on day 1: nasal choroid, 0.370 ± 0.011 mm; temporal choroid, 0.385 ± 0.009 
mm, two-way repeated measures ANOVA main effect of the region of the choroid F(1, 263) = 22.004, 
p<0.001). Similar to the right eye, temporal choroid was found to be significantly thicker than the nasal 
choroid in the left eye as well (nasal choroid, 0.367 ± 0.011 mm; temporal choroid, 0.393 ± 0.011 mm, 
two-way repeated measures ANOVA main effect of the region of the choroid F(1, 263) = 70.552, 
p<0.001).      
 Upon examining the changes in the parafoveal choroid of the right eye on day 1, both nasal 
and temporal choroid became slightly thinner between 10 am and 12 pm, but thicker in the evening 
between 5 and 7 pm (nasal choroid: change in the morning, -0.004 ± 0.004 mm; change in the 
evening, +0.006 ± 0.002 mm; temporal choroid: change in the morning, -0.004 ± 0.004 mm; change in 
the evening, +0.006 ± 0.003 mm, two-way repeated measures ANOVA time of day by defocus 
interaction, p<0.05, Supplementary data). Furthermore, myopic defocus in the evening on day 3 led to 
a greater thickening of the parafoveal choroid than morning exposure to defocus on day 2 (nasal 
choroid: change on day 2, +0.003 ± 0.003 mm; change on day 3, +0.016 ± 0.003 mm; temporal 
choroid: change on day 2, +0.004 ± 0.003 mm; change on day 3, +0.018 ± 0.003 mm) (two-way 
repeated measures ANOVA, Holm-Sidak multiple comparisons, p<0.05).       
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Myopic defocus in the right eye caused significant changes in both the nasal and temporal 
choroidal regions of the left eye (two-way repeated measures ANOVA time of day by defocus 
interaction, p<0.05, Supplementary data). In comparison with day 1, exposure to defocus in the 
morning caused a significant thickening of the parafoveal choroid (nasal choroid: change on day 2, 
+0.007 ± 0.003 mm; change on day 1, -0.013 ± 0.002 mm; temporal choroid: change on day 2, +0.008 
± 0.003 mm; change on day 1, -0.009 ± 0.002 mm, Holm-Sidak multiple comparisons, p<0.05); 
however, the effect of defocus was small and insignificant in the evening.     
       
3.3 Hyperopic defocus  
3.3.1 Axial length  
 Table 2 illustrates the raw mean axial length, the change in axial length with hyperopic 
defocus imposed in the morning and evening hours, and the net effect of defocus on axial length at 
different times of the day in both right and left eyes. In figures 5 and 6, blue bars represent normal 
diurnal changes in ocular parameters without defocus measured at different times of the day, whereas 
green bars represent ocular changes with morning and evening exposure to defocus. In the right 
defocused eye, the impact of hyperopic defocus on axial length was significantly different at different 
times of the day (two-way repeated measures ANOVA time of day by defocus interaction F(1,50) = 
4.908, p=0.047, Figure 5A). On day 1, the change in axial length in the morning (+0.010 ± 0.003 mm) 
was not significantly different from the change in axial length observed in the evening (+0.001 ± 0.004 
mm, Holm-Sidak multiple comparisons, p>0.05). Compared to the baseline measurement on day 1, 
exposure to hyperopic defocus in the morning on day 2 led to a significant increase in axial length of 
+0.026 ± 0.006 mm (Holm-Sidak multiple comparisons, p<0.05). However, hyperopic defocus in the 
evening on day 3 did not induce any significant ocular change (+0.001 ± 0.003 mm) in comparison 
with the baseline evening session on day 1 (+0.001 ± 0.004 mm, p>0.05), suggesting differences in 
the sensitivity of the eye to hyperopic defocus at different times of the day.           
 In the left eye, the average change in axial length was significantly different between the 
morning (mean change of day 1 and day 2 morning sessions, +0.009 ± 0.003 mm) and evening 
measurement sessions (mean change of day 1 and day 3 evening sessions, -0.009 ± 0.004 mm, two-
way repeated measures ANOVA main effect of the time of day F(1,50) = 17.233, p=0.001, Figure 5B). 
However, there was no significant effect of defocus or significant interaction between the time of day 
and defocus on axial length changes in the left eye (two-way repeated measures ANOVA, p>0.05).     
 
3.3.2 Subfoveal choroidal thickness  
  In the right eye, there was a significant thinning in the subfoveal choroid with hyperopic 
defocus on days 2 and 3 (mean change with morning and evening defocus, -0.013 ± 0.006 mm) 
compared to day 1 with no defocus (mean change without defocus, -0.002 ± 0.004 mm, two-way 
repeated measures ANOVA main effect of defocus F(1,41) = 12.401, p=0.005, Figure 6A). However, 
there was no significant interaction between the time of day and defocus treatment on SFCT (two-way 
repeated measures ANOVA time of day by defocus interaction F(1,41) = 0.193, p=0.672), suggesting 
that hyperopic defocus at different times of the day had similar effect on subfoveal choroidal changes. 
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Importantly, the net effect of hyperopic defocus on SFCT was similar between the morning and 
evening defocus sessions (both ~ -0.010 mm, Table 2).      
Exposure to hyperopic defocus was found to have a small, but significant effect on SFCT of 
the left eye (mean change with morning and evening defocus on days 2 and 3, +0.001 ± 0.006 mm; 
mean change without defocus on day 1, -0.009 ± 0.005 mm, two-way repeated measures ANOVA 
main effect of defocus F(1,44) = 5.261, p=0.039, Figure 6B). However, hyperopic defocus at different 
times of the day had a similar effect on left eye’s SFCT (two-way repeated measures ANOVA time of 
day by defocus interaction F(1,44) = 0.91, p=0.368).      
  
3.3.3 Parafoveal choroidal thickness  
 On average, the temporal choroid was found to be significantly thicker than the nasal choroid 
in both right (nasal choroid, 0.386 ± 0.010 mm; temporal choroid, 0.395 ± 0.010 mm) and left (nasal 
choroid, 0.389 ± 0.011 mm; temporal choroid, 0.401 ± 0.011 mm) eyes (two-way repeated measures 
ANOVA main effect of the region of the choroid, p<0.001, Supplementary data).      
In the right eye, hyperopic defocus on days 2 and 3 induced significant thinning only in the 
nasal choroid (mean change with morning and evening defocus, -0.010 ± 0.003 mm; mean change 
without defocus, -0.001 ± 0.004 mm, two-way repeated measures ANOVA main effect of defocus, 
F(1,129) = 7.115, p=0.011, Supplementary data). The temporal choroid did not exhibit any significant 
change with hyperopic defocus (two-way repeated measures ANOVA, p=0.173). There was no 
significant interaction between the time of day and defocus for either parafoveal region (two-way 
repeated measures ANOVA, p>0.05).     
Defocus in the right eye did not induce any significant change in the PFCT of the left non-
defocused eye (two-way repeated measures ANOVA, p>0.05).         
 
4. Discussion  
Various animal models have shown that ocular growth and choroidal thickness can be 
influenced by optical defocus (Graham and Judge, 1999; Hung et al., 1995; Irving et al., 1992; Nathan 
et al., 1984; Schaeffel et al., 1988; Smith and Hung, 1999; Wallman et al., 1995; Wildsoet and 
Wallman, 1995). This study adds to the evidence that human eyes are also able to respond to the 
presence of defocus, and make small, predictable changes in axial length and choroidal thickness, 
depending on the sign of imposed defocus.       
The novel findings in this study were that the effects of monocular myopic and hyperopic 
defocus on axial length significantly varied depending on the time of day in young adult human 
subjects. Myopic defocus caused a significantly greater reduction in axial length when imposed in the 
evening than in the morning. However, hyperopic defocus led to a significant increase in axial length 
when imposed in the morning, but had no effect on axial length when imposed in the evening. 
Research in young adult humans (Read et al., 2010a) and children (Wang et al., 2016) have found 
that 1 - 2 hours of exposure to monocular hyperopic and myopic defocus during the day (between 9 
am to 12 pm) led to small but significant changes in axial length. In our study, the mean change in 
axial length with  2 hours of hyperopic and myopic defocus in the morning was in close agreement 
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with previously reported changes of  0.010 mm in human subjects (Read et al., 2010a; Wang et al., 
2016).  
Interestingly, two recent studies in chicks have found hyperopic (Nickla et al., 2017a) and 
myopic (Nickla et al., 2017b) defocus to exhibit different effects on axial length and ocular growth 
depending on the time of exposure to defocus. Similar to our results, Nickla et al found that a brief 2-
hour exposure to myopic defocus was more effective in inhibiting axial elongation and slowing ocular 
growth in chicks when given in the evening or mid-day than in the morning, while 2 hours of hyperopic 
defocus in the morning caused a significantly greater increase in axial length and corresponding 
ocular growth compared to the same duration of defocus given at mid-day. It should be noted that 
both studies (Nickla et al., 2017a; Nickla et al., 2017b) measured axial length from the anterior 
corneal surface to the inner surface of the sclera. Using the scleral interface for measuring axial 
length provides a “true” change in the length of the globe, and discerns the changes in choroidal 
thickness from the total change in the length of the eye (or the globe). As the present study defined 
axial length from corneal apex to the RPE and as the choroid is adjacent to the retinal photoreceptor-
RPE complex, we conjectured that axial length changes measured in this study were associated with 
changes in the thickness of the choroid (discussed below). Because commonly used optical 
biometers (including the IOL Master) measure axial length only up to the RPE, it is difficult to 
determine the actual contribution of choroidal thickness to the changes in axial length in human 
participants. It is prudent to keep these differences in mind when interpreting the axial length changes 
across different studies, and drawing parallels with human studies. 
We found that hyperopic and myopic defocus at different times of the day had varying effects 
on the thickness of the subfoveal choroid. Myopic defocus in the evening induced a significantly 
greater thickening of the subfoveal choroid compared to the same duration of defocus in the morning. 
Hyperopic defocus resulted in significant thinning of the choroid, and although there was a trend for a 
greater change in SFCT with hyperopic defocus in the morning (p=0.672), the net effect of defocus on 
choroidal thickness was found to be similar for the morning and evening sessions of defocus. The 
changes in choroidal thickness were generally consistent with previous studies that have reported a 
change of approximately 0.010 to 0.020 mm in SFCT with similar periods of hyperopic and myopic 
defocus in young human eyes (Chakraborty et al., 2013; Chiang et al., 2015; Read et al., 2010a; 
Wang et al., 2016). It is noteworthy that some differences between the two defocus conditions may be 
due to slightly lower precision of the SFCT estimates in the hyperopic defocus experiment (mean 
coefficient of variation of 4.13% compared to 3.58% with myopic defocus). Furthermore, myopic 
defocus has been shown to have a stronger influence on ocular parameters than hyperopic defocus in 
animal studies (Winawer and Wallman, 2002; Zhu, 2013).  
Similar to chicks (Nickla, 2006; Nickla et al., 1998), primates (Nickla et al., 2002) and 
mammals (Liu and Farid, 1998), axial length and choroidal thickness undergo significant diurnal 
variations in human eyes (Brown et al., 2009; Chakraborty et al., 2011; Read et al., 2008; Stone et al., 
2004). The axial length of the human eye is typically longest at mid-day and shortest at night, while 
the choroid is thickest during the night and thinnest during the day (i.e. antiphase to one another). 
These diurnal fluctuations may differentially influence the ocular response to hyperopic and myopic 
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defocus, depending on the time of day. In this study, we found a significant increase in axial length 
with hyperopic defocus in the morning when the eyes were naturally longer; whereas, the decrease in 
axial length with myopic defocus was significantly greater in the evening when the eyes were naturally 
shorter. These results suggest a potential interaction between eye’s natural diurnal rhythms and 
visual signals associated with the optical defocus, making the eye perhaps more responsive to 
hyperopic defocus (or ‘go’ signal) in the morning, and to myopic defocus (or ‘stop’ signal) in the latter 
half of the day (Chakraborty et al., 2018). This may be due to diurnal variations in retinal defocus 
‘integrator’, molecular/cellular structure of the choroid, and/or scleral growth factors that are perhaps 
most susceptible to hyperopic defocus in the morning, and myopic defocus in the evening (Nickla et 
al., 2017a). However, this study measured the ocular effects of defocus only at a single time point (i.e. 
2 hours after the introduction of defocus), and not for an extended period of time. Therefore, future 
studies with longer periods of defocus and/or more frequent measurements over the course of the day 
may provide detailed insights into the effects of time of day on ocular response to optical defocus in 
human subjects.  
 In both right and left eyes, the choroid was thickest in the subfoveal region, and thinner in the 
parafoveal region on either side of the fovea. In addition, the temporal choroid was found to be thicker 
than the nasal choroid (Ikuno et al., 2010; Manjunath et al., 2010; Margolis and Spaide, 2009). Of 
interest, we found that choroidal regions peripheral to the fovea were significantly influenced by 
optical defocus. Although the effect of the time of day on defocus induced PFCT changes were 
generally similar to the changes in SFCT, the changes were not as marked as the subfoveal choroid, 
particularly for the hyperopic defocus condition. This may be due to the greater within-session 
variability in the PFCT data (mean coefficient of variation, 4.79%). Consistent with our results, 
previous human studies have also found both central and peripheral regions of the choroid to be 
sensitive to both defocus conditions (Chakraborty et al., 2012, 2013; Hoseini-Yazdi et al., 2018). In 
the defocused eye, the nasal choroid was found to be sensitive to both hyperopic and myopic defocus 
at different times of the day, whereas the temporal choroid was only responsive to myopic defocus 
and not hyperopic defocus. Interestingly, a recent study has also reported increased sensitivity of the 
nasal choroid to both hyperopic and myopic defocus stimuli in young human subjects (Hoseini-Yazdi 
et al., 2018). Overall, these results suggest potential regional differences in the sensitivity of the 
human choroid to short-term optical defocus, which may be due to regional variations in the 
autonomic innervation to the choroid, distribution of non-vascular smooth muscles and/or choroidal 
blood flow (Nickla and Wallman, 2010).  
The regression analyses revealed a significant, but weak association between the changes in 
axial length and choroidal thickness across the three measurement days for either defocus condition 
(myopic defocus: slope = -0.412, r2 = 0.13, p<0.001; hyperopic defocus: slope = -0.378; r2 = 0.10, 
p<0.001). Previous human studies have also reported moderate to weak association between the 
axial length and choroidal thickness changes in response to optical defocus (Chakraborty et al., 2013; 
Read et al., 2010a). The weak association between the two variables suggest that there may be other 
factors (such as corneal thickness, lens thickness or vitreous chamber depth) involved in defocus 
induced axial length changes in human eyes that were not measured in this study. Further 
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investigation of the influence of defocus at different times of day using a more comprehensive 
instrument (e.g., the Lenstar) therefore seems warranted.     
 Defocus in the right eye had relatively small effect on axial length and choroidal thickness of 
the fellow left (non-defocused) eye. On average, the net changes were generally small on the order of 
<0.010 mm (except for modest choroidal changes in the morning with myopic defocus and in the 
evening with hyperopic defocus). Previous human studies have documented small changes in axial 
length and choroidal thickness in response to accommodation due to mechanical effects of ciliary 
muscle contraction (Drexler et al., 1998; Mallen et al., 2006; Woodman et al., 2012). In the current 
study, accommodation was not strictly controlled (i.e. no cycloplegia was used) or measured during 
the defocus treatment. As a result, the exact state of accommodation in each eye, while exposed to 
defocus, was not known. Although previous human studies have reported only minimal changes in 
accommodation with similar periods of myopic and hyperopic defocus in young human eyes 
(Chakraborty et al., 2012, 2013; Read et al., 2010a), it is possible that subtle changes in 
accommodation during the period of defocus may have contributed to the small contralateral changes 
observed in the left eye.        
These findings may have some practical clinical applications to myopia prevention in children. 
For instance, it has been hypothesised that hyperopic defocus induced by accommodative lag during 
prolonged near work could stimulate myopic eye growth in children (Gwiazda et al., 1995; Ip et al., 
2008). If the eye has a greater sensitivity to hyperopic defocus in the morning, as suggested by this 
study, scheduling intensive reading activities in the evening, along with frequent breaks for distance 
viewing (i.e. exposing the eye to myopic defocus) may prevent myopia development. In addition, 
optical treatments employing myopic defocus for myopia prevention (such as multifocal soft contact 
lenses) may be more effective when worn later in the day. Future research will answer whether these 
results are clinically translatable for myopia prevention.  
 
5. Conclusions  
In conclusion, we found that the ocular response to short-term monocular hyperopic and 
myopic defocus varies significantly depending on the time of exposure in young adult human subjects. 
Myopic defocus led to a significantly greater reduction in axial length and thickening of the choroid 
when imposed in the evening rather than in the morning. Hyperopic defocus caused a significant 
increase in axial length only in the morning, with no major effect in the evening. Furthermore, 
hyperopic defocus resulted in a significant thinning of the choroid, but there was no significant 
influence of the time of day on choroidal changes associated with hyperopic defocus. These results 
may represent a potential interaction between the signal associated with the eye’s natural diurnal 
rhythm and the visual signal associated with the optical defocus that may lead to a greater axial 
growth in the morning (due to increased sensitivity to hyperopic defocus) and a reduced eye growth in 
the latter half of the day (due to increased sensitivity to myopic defocus).    
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
14 
 
Acknowledgments  
This work was funded by Flinders University College of Nursing and Health Sciences 
Establishment Grant. We would like to acknowledge Dr. Pawel Skuza (Statistical consultant, Flinders 
University) for his assistance with analysis and interpretation of data. We also thank Professors 
Michael Collins (Queensland University of Technology, Brisbane, Australia) and Machelle T. Pardue 
(Georgia Institute of Technology, Atlanta, USA) for their comments and input on the manuscript.  
  
References  
Alonso-Caneiro, D., Read, S.A., Collins, M.J., 2013. Automatic segmentation of choroidal thickness in 
optical coherence tomography. Biomedical optics express 4, 2795-2812. 
Au Eong, K.G., Tay, T.H., Lim, M.K., 1993. Race, culture and Myopia in 110,236 young Singaporean 
males. Singapore medical journal 34, 29-32. 
Bland, J.M., Altman, D.G., 1999. Measuring agreement in method comparison studies. Statistical 
methods in medical research 8, 135-160. 
Brown, J.S., Flitcroft, D.I., Ying, G.S., Francis, E.L., Schmid, G.F., Quinn, G.E., Stone, R.A., 2009. In 
vivo human choroidal thickness measurements: evidence for diurnal fluctuations. Invest Ophthalmol 
Vis Sci 50, 5-12. 
Carkeet, A., Saw, S.M., Gazzard, G., Tang, W., Tan, D.T., 2004. Repeatability of IOLMaster biometry 
in children. Optometry and vision science : official publication of the American Academy of Optometry 
81, 829-834. 
Chakraborty, R., Ostrin, L.A., Nickla, D.L., Iuvone, P.M., Pardue, M.T., Stone, R.A., 2018. Circadian 
rhythms, refractive development, and myopia. Ophthalmic and Physiological Optics 38, 217-245. 
Chakraborty, R., Read, S.A., Collins, M.J., 2011. Diurnal variations in axial length, choroidal 
thickness, intraocular pressure, and ocular biometrics. Invest Ophthalmol Vis Sci 52, 5121-5129. 
Chakraborty, R., Read, S.A., Collins, M.J., 2012. Monocular myopic defocus and daily changes in 
axial length and choroidal thickness of human eyes. Experimental eye research 103, 47-54. 
Chakraborty, R., Read, S.A., Collins, M.J., 2013. Hyperopic defocus and diurnal changes in human 
choroid and axial length. Optometry and vision science : official publication of the American Academy 
of Optometry 90, 1187-1198. 
Chiang, S.T., Phillips, J.R., Backhouse, S., 2015. Effect of retinal image defocus on the thickness of 
the human choroid. Ophthalmic & physiological optics : the journal of the British College of 
Ophthalmic Opticians (Optometrists) 35, 405-413. 
Drexler, W., Findl, O., Schmetterer, L., Hitzenberger, C.K., Fercher, A.F., 1998. Eye elongation during 
accommodation in humans: differences between emmetropes and myopes. Invest Ophthalmol Vis Sci 
39, 2140-2147. 
Edwards, M.H., Lam, C.S., 2004. The epidemiology of myopia in Hong Kong. Annals of the Academy 
of Medicine, Singapore 33, 34-38. 
Farbrother, J.E., Kirov, G., Owen, M.J., Guggenheim, J.A., 2004. Family aggregation of high myopia: 
estimation of the sibling recurrence risk ratio. Invest Ophthalmol Vis Sci 45, 2873-2878. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
15 
 
Graham, B., Judge, S.J., 1999. The effects of spectacle wear in infancy on eye growth and refractive 
error in the marmoset (Callithrix jacchus). Vision research 39, 189-206. 
Gwiazda, J., Bauer, J., Thorn, F., Held, R., 1995. A dynamic relationship between myopia and blur-
driven accommodation in school-aged children. Vision research 35, 1299-1304. 
Hoseini-Yazdi, H., Vincent, S.J., Collins, M.J., Read, S.A., 2018. Regional choroidal thickness 
changes in response to short-term full-field optical defocus. 16th International Myopia Conference at 
Birmingham UK. eO039. https://eprints.qut.edu.au/116263/    
Howlett, M.H., McFadden, S.A., 2006. Form-deprivation myopia in the guinea pig (Cavia porcellus). 
Vision research 46, 267-283. 
Howlett, M.H., McFadden, S.A., 2009. Spectacle lens compensation in the pigmented guinea pig. 
Vision research 49, 219-227. 
Hung, L.F., Crawford, M.L., Smith, E.L., 1995. Spectacle lenses alter eye growth and the refractive 
status of young monkeys. Nature medicine 1, 761-765. 
Ikuno, Y., Kawaguchi, K., Nouchi, T., Yasuno, Y., 2010. Choroidal thickness in healthy Japanese 
subjects. Investigative ophthalmology & visual science 51, 2173-2176. 
Ip, J.M., Saw, S.M., Rose, K.A., Morgan, I.G., Kifley, A., Wang, J.J., Mitchell, P., 2008. Role of near 
work in myopia: findings in a sample of Australian school children. Invest Ophthalmol Vis Sci 49, 
2903-2910. 
Irving, E.L., Callender, M.G., Sivak, J.G., 1991. Inducing myopia, hyperopia, and astigmatism in 
chicks. Optometry and vision science : official publication of the American Academy of Optometry 68, 
364-368. 
Irving, E.L., Sivak, J.G., Callender, M.G., 1992. Refractive plasticity of the developing chick eye. 
Ophthalmic & physiological optics : the journal of the British College of Ophthalmic Opticians 
(Optometrists) 12, 448-456. 
Jones, L.A., Sinnott, L.T., Mutti, D.O., Mitchell, G.L., Moeschberger, M.L., Zadnik, K., 2007. Parental 
history of myopia, sports and outdoor activities, and future myopia. Invest Ophthalmol Vis Sci 48, 
3524-3532. 
Jung, S.K., Lee, J.H., Kakizaki, H., Jee, D., 2012. Prevalence of myopia and its association with body 
stature and educational level in 19-year-old male conscripts in seoul, South Korea. Invest Ophthalmol 
Vis Sci 53, 5579-5583. 
Lam, C.S., Goldschmidt, E., Edwards, M.H., 2004. Prevalence of myopia in local and international 
schools in Hong Kong. Optometry and vision science : official publication of the American Academy of 
Optometry 81, 317-322. 
Lin, L.L., Shih, Y.F., Hsiao, C.K., Chen, C.J., Lee, L.A., Hung, P.T., 2001. Epidemiologic study of the 
prevalence and severity of myopia among schoolchildren in Taiwan in 2000. Journal of the Formosan 
Medical Association = Taiwan yi zhi 100, 684-691. 
Liu, J., Farid, H., 1998. Twenty-four-hour change in axial length in the rabbit eye. Investigative 
ophthalmology & visual science 39, 2796-2799. 
Mallen, E.A., Kashyap, P., Hampson, K.M., 2006. Transient Axial Length Change during the 
Accommodation Response in Young Adults. Invest Ophthalmol Vis Sci 47, 1251-1254. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
16 
 
Manjunath, V., Taha, M., Fujimoto, J.G., Duker, J.S., 2010. Choroidal thickness in normal eyes 
measured using Cirrus HD optical coherence tomography. American journal of ophthalmology 150, 
325-329. e321. 
Marascuilo, L.A., Levin, J.R.J.A.E.R.J., 1970. Appropriate post hoc comparisons for interaction and 
nested hypotheses in analysis of variance designs: The elimination of type IV errors.  7, 397-421. 
Margolis, R., Spaide, R.F., 2009. A pilot study of enhanced depth imaging optical coherence 
tomography of the choroid in normal eyes. American journal of ophthalmology 147, 811-815. 
Morgan, I.G., French, A.N., Ashby, R.S., Guo, X., Ding, X., He, M., Rose, K.A., 2017. The epidemics 
of myopia: Aetiology and prevention. Progress in retinal and eye research. 
Morgan, I.G., Ohno-Matsui, K., Saw, S.M., 2012. Myopia. Lancet 379, 1739-1748. 
Nathan, J., Crewther, S.G., Crewther, D.P., Kiely, P.M., 1984. Effects of retinal image degradation on 
ocular growth in cats. Invest Ophthalmol Vis Sci 25, 1300-1306. 
Nickla, D.L., 2006. The phase relationships between the diurnal rhythms in axial length and choroidal 
thickness and the association with ocular growth rate in chicks. Journal of comparative physiology. A, 
Neuroethology, sensory, neural, and behavioral physiology 192, 399-407. 
Nickla, D.L., Jordan, K., Yang, J., Totonelly, K., 2017a. Brief hyperopic defocus or form deprivation 
have varying effects on eye growth and ocular rhythms depending on the time-of-day of exposure. 
Experimental eye research 161, 132-142. 
Nickla, D.L., Thai, P., Zanzerkia Trahan, R., Totonelly, K., 2017b. Myopic defocus in the evening is 
more effective at inhibiting eye growth than defocus in the morning: Effects on rhythms in axial length 
and choroid thickness in chicks. Experimental eye research 154, 104-115. 
Nickla, D.L., Wallman, J., 2010. The multifunctional choroid. Progress in retinal and eye research 29, 
144-168. 
Nickla, D.L., Wildsoet, C., Wallman, J., 1998. Visual influences on diurnal rhythms in ocular length 
and choroidal thickness in chick eyes. Experimental eye research 66, 163-181. 
Nickla, D.L., Wildsoet, C.F., Troilo, D., 2002. Diurnal rhythms in intraocular pressure, axial length, and 
choroidal thickness in a primate model of eye growth, the common marmoset. Invest Ophthalmol Vis 
Sci 43, 2519-2528. 
Read, S.A., Collins, M.J., 2011. The short-term influence of exercise on axial length and intraocular 
pressure. Eye (London, England) 25, 767-774. 
Read, S.A., Collins, M.J., Iskander, D.R., 2008. Diurnal variation of axial length, intraocular pressure, 
and anterior eye biometrics. Invest Ophthalmol Vis Sci 49, 2911-2918. 
Read, S.A., Collins, M.J., Sander, B.P., 2010a. Human optical axial length and defocus. Invest 
Ophthalmol Vis Sci 51, 6262-6269. 
Read, S.A., Collins, M.J., Woodman, E.C., Cheong, S.H., 2010b. Axial length changes during 
accommodation in myopes and emmetropes. Optometry and vision science : official publication of the 
American Academy of Optometry 87, 656-662. 
Rose, K.A., Morgan, I.G., Ip, J., Kifley, A., Huynh, S., Smith, W., Mitchell, P., 2008. Outdoor activity 
reduces the prevalence of myopia in children. Ophthalmology 115, 1279-1285. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
17 
 
Saw, S.M., Katz, J., Schein, O.D., Chew, S.J., Chan, T.K., 1996. Epidemiology of myopia. 
Epidemiologic reviews 18, 175-187. 
Schaeffel, F., Glasser, A., Howland, H.C., 1988. Accommodation, refractive error and eye growth in 
chickens. Vision research 28, 639-657. 
Sheng, H., Bottjer, C.A., Bullimore, M.A., 2004. Ocular component measurement using the Zeiss 
IOLMaster. Optometry and vision science : official publication of the American Academy of Optometry 
81, 27-34. 
Siegwart Jr, J.T., Norton, T.T., 1998. The susceptible period for deprivation-induced myopia in tree 
shrew. Vision research 38, 3505-3515. 
Smith, E.L., 3rd, 1998. Spectacle lenses and emmetropization: the role of optical defocus in regulating 
ocular development. Optometry and vision science : official publication of the American Academy of 
Optometry 75, 388-398. 
Smith, E.L., 3rd, Hung, L.F., 1999. The role of optical defocus in regulating refractive development in 
infant monkeys. Vision research 39, 1415-1435. 
Smith, E.L., Hung, L.-F., Kee, C.-s., Qiao, Y., 2002. Effects of brief periods of unrestricted vision on 
the development of form-deprivation myopia in monkeys. Investigative ophthalmology & visual 
science 43, 291-299. 
Stone, R.A., Quinn, G.E., Francis, E.L., Ying, G.S., Flitcroft, D.I., Parekh, P., Brown, J., Orlow, J., 
Schmid, G., 2004. Diurnal axial length fluctuations in human eyes. Invest Ophthalmol Vis Sci 45, 63-
70. 
Tan, C.S., Ouyang, Y., Ruiz, H., Sadda, S.R., 2012. Diurnal variation of choroidal thickness in normal, 
healthy subjects measured by spectral domain optical coherence tomography. Investigative 
ophthalmology & visual science 53, 261-266. 
Wallman, J., 1993. Retinal control of eye growth and refraction. Progress in retinal research 12, 133-
153. 
Wallman, J., Turkel, J., Trachtman, J., 1978. Extreme myopia produced by modest change in early 
visual experience. Science (New York, N.Y.) 201, 1249-1251. 
Wallman, J., Wildsoet, C., Xu, A., Gottlieb, M.D., Nickla, D.L., Marran, L., Krebs, W., Christensen, 
A.M., 1995. Moving the retina: choroidal modulation of refractive state. Vision research 35, 37-50. 
Wallman, J., Winawer, J., 2004. Homeostasis of eye growth and the question of myopia. Neuron 43, 
447-468. 
Wang, D., Chun, R.K.M., Liu, M., Lee, R.P.K., Sun, Y., Zhang, T., Lam, C., Liu, Q., To, C.H., 2016. 
Optical Defocus Rapidly Changes Choroidal Thickness in Schoolchildren. PloS one 11, e0161535. 
Wildsoet, C., Wallman, J., 1995. Choroidal and scleral mechanisms of compensation for spectacle 
lenses in chicks. Vision research 35, 1175-1194. 
Winawer, J., Wallman, J., 2002. Temporal constraints on lens compensation in chicks. Vision 
research 42, 2651-2668. 
Woodman, E.C., Read, S.A., Collins, M.J., 2012. Axial length and choroidal thickness changes 
accompanying prolonged accommodation in myopes and emmetropes. Vision research 72, 34-41. 
ZADNIK, K., 1997. Myopia Development in Childhood. Optometry and Vision Science 74, 603-608. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
18 
 
Zhu, X., 2013. Temporal integration of visual signals in lens compensation (a review). Experimental 
eye research 114, 69-76. 
Zhu, X., Park, T.W., Winawer, J., Wallman, J., 2005. In a matter of minutes, the eye can know which 
way to grow. Invest Ophthalmol Vis Sci 46, 2238-2241. 
Zhu, X., Wallman, J., 2009. Temporal properties of compensation for positive and negative spectacle 
lenses in chicks. Invest Ophthalmol Vis Sci 50, 37-46. 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
 
 
Table 1: Overview of the mean within-subject variability for the repeated measures collected at each measurement session across the three measurement 
days in the right (defocused) and left (non-defocused) eyes for axial length, subfoveal choroidal thickness (SFCT) and parafoveal choroidal thickness (PFCT, 
averaged across the nasal and temporal regions) for myopic and hyperopic defocus experiments.    
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Type of 
defocus 
Measured 
variables 
Right eye (defocused eye) Left eye (non-defocused eye) 
Mean within-
session 
standard 
deviation (mm) 
Mean within-
session range 
(mm) 
Mean 
coefficient of 
variation 
Mean within- 
session 
standard 
deviation 
(mm) 
Mean within-
session range 
(mm) 
Mean coefficient 
of variation 
Myopic 
defocus 
Axial length  0.011 0.022 0.04% 0.010 0.022 0.04% 
SFCT 0.013 0.024 3.58% 0.014 0.027 3.86%  
PFCT 0.015 0.031 4.77% 0.017 0.032 4.64% 
Hyperopic 
defocus  
Axial length  0.010 0.021  0.04%  0.009  0.019 0.03% 
SFCT 0.015 0.030 4.13% 0.013 0.026 3.74% 
PFCT 0.018 0.032 4.74% 0.019 0.035 5.01%  
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Table 2: Summary of raw group means and mean change in axial length and subfoveal choroidal thickness (SFCT) with hyperopic and myopic defocus at each measurement 
session for each of the three measurement days (day 1 baseline day, day 2 morning defocus day and day 3 evening defocus day) in the right (defocused) and left (non-
defocused) eyes, along with p-values from repeated measures ANOVA illustrating the mean change in the morning and evening as effects of time of day, defocus and time of 
day by defocus interaction. The net effect of defocus in the morning and evening (i.e. mean change with defocus on day 2 or 3 - mean change with no defocus on baseline 
day 1) are shown in boxes adjacent to the mean change. Group means of axial length have been rounded to 2 decimal places, whereas group means of SFCT and mean 
change for all parameters have been rounded to 3 decimal places. Significant p values (p<0.05) are highlighted in bold.    
Defocus Eye Measured 
variables 
Measurement 
time Measurement day 
Group mean ± 
SEM (mm) Mean change ± SEM (mm) 
p value (time of 
day) p value (defocus) 
p value (defocus 
by time of day 
interaction) 
Myopic 
Defocus 
Right eye 
(defocused 
eye) 
Axial length 
Morning  
Day 1, 10 am (baseline) 23.66 ± 0.35 
+0.016 ± 0.006 
-0.012 ± 0.005 
0.01 0.556 0.009 
Day 1, 12 pm (baseline) 23.68 ± 0.35 
Day 2, 10 pm (defocus) 23.67 ± 0.35 
+0.004 ± 0.003 
Day 2, 12 pm (defocus) 23.67 ± 0.35 
Evening  
Day 1, 5 pm (baseline) 23.67 ± 0.35 
+0.002 ± 0.002 
-0.023 ± 0.006 
Day 1, 7 pm (baseline) 23.67 ± 0.35 
Day 3, 5 pm (defocus) 23.67 ± 0.35 
-0.021 ± 0.009 
Day 3, 7 pm (defocus) 23.65 ± 0.35 
SFCT 
Morning  
Day 1, 10 am (baseline) 0.397 ± 0.018 
-0.013 ± 0.007 
+0.020 ± 0.007 
0.001 0.821 0.011 
Day 1, 12 pm (baseline) 0.384 ± 0.018 
Day 2, 10 am (defocus) 0.400 ± 0.018 
+0.007 ± 0.006 
Day 2, 12 pm (defocus) 0.407 ± 0.018 
Evening  
Day 1, 5 pm (baseline) 0.405 ± 0.019 
-0.005 ± 0.006 
+0.032 ± 0.006 
Day 1, 7 pm (baseline) 0.400 ± 0.021 
Day 3, 5 pm (defocus) 0.403 ± 0.019 
+0.027 ± 0.006 
Day 3, 7 pm (defocus) 0.430 ± 0.021 
Left eye (non-
defocused 
eye) 
Axial length 
Morning  
Day 1, 10 am (baseline) 23.70 ± 0.35 
+0.012 ± 0.002 
-0.005 ± 0.002 
0.488 0.045 0.02 
Day 1, 12 pm (baseline) 23.71 ± 0.35 
Day 2, 10 am (defocus) 23.70 ± 0.35 
+0.007 ± 0.002 
Day 2, 12 pm (defocus) 23.71 ± 0.35 
Evening  
Day 1, 5 pm (baseline) 23.71 ± 0.35 
-0.002 ± 0.003 
+0.009 ± 0.003 
Day 1, 7 pm (baseline) 23.70 ± 0.35 
Day 3, 5 pm (defocus) 23.70 ± 0.35 
+0.007 ± 0.003 
Day 3, 7 pm (defocus) 23.71 ± 0.35 
SFCT 
Morning  
Day 1, 10 am (baseline) 0.415 ± 0.017 
-0.012 ± 0.004 
+0.017 ± 0.005 
0.076 0.007 0.018 
Day 1, 12 pm (baseline) 0.403 ± 0.019 
Day 2, 10 am (defocus) 0.405 ± 0.019 
+0.005 ± 0.005 
Day 2, 12 pm (defocus) 0.410 ± 0.021 
Evening  
Day 1, 5 pm (baseline) 0.402 ± 0.021 
+0.006 ± 0.002 
+0.002 ± 0.003 
Day 1, 7 pm (baseline) 0.408 ± 0.021 
Day 3, 5 pm (defocus) 0.399 ± 0.020 
+0.008 ± 0.003 
Day 3, 7 pm (defocus) 0.406 ± 0.021 
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Hyperopic 
Defocus 
Right eye 
(defocused 
eye) 
Axial length 
Morning  
Day 1, 10 am (baseline) 23.27 ± 0.31 
+0.010 ± 0.003 
+0.016 ± 0.005 
 0.001 0.072 0.047 
Day 1, 12 pm (baseline) 23.28 ± 0.31 
Day 2, 10 am (defocus) 23.36 ± 0.30 
+0.026 ± 0.006 
Day 2, 12 pm (defocus) 23.39 ± 0.30 
Evening  
Day 1, 5 pm (baseline) 23.36 ± 0.30 
+0.001 ± 0.004 
0.000 ± 0.004 
Day 1, 7 pm (baseline) 23.36 ± 0.30 
Day 3, 5 pm (defocus) 23.37 ± 0.30 
+0.001 ± 0.003 
Day 3, 7 pm (defocus) 23.37 ± 0.30 
SFCT 
Morning  
Day 1, 10 am (baseline) 0.431 ± 0.016 
-0.011 ± 0.004 
-0.010 ± 0.005 
0.009 0.005 0.672 
Day 1, 12 pm (baseline) 0.420 ± 0.016 
Day 2, 10 am (defocus) 0.426 ± 0.021 
-0.021 ± 0.005 
Day 2, 12 pm (defocus) 0.405 ± 0.018 
Evening  
Day 1, 5 pm (baseline) 0.410 ± 0.018 
+0.006 ± 0.004 
-0.010 ± 0.006 
Day 1, 7 pm (baseline) 0.417 ± 0.017 
Day 3, 5 pm (defocus) 0.414 ± 0.022 
-0.004 ± 0.007 
Day 3, 7 pm (defocus) 0.410 ± 0.022 
Left eye (non-
defocused 
eye) 
Axial length 
Morning  
Day 1, 10 am (baseline) 23.33 ± 0.31 
+0.008 ± 0.002 
+0.001 ± 0.003  
0.001 0.428 0.213 
Day 1, 12 pm (baseline) 23.34 ± 0.31 
Day 2, 10 am (defocus) 23.43 ± 0.30 
+0.009 ± 0.003 
Day 2, 12 pm (defocus) 23.43 ± 0.30 
Evening  
Day 1, 5 pm (baseline) 23.43 ± 0.30 
-0.006 ± 0.005 
-0.007 ± 0.004 
Day 1, 7 pm (baseline) 23.43 ± 0.30 
Day 3, 5 pm (defocus) 23.44 ± 0.30 
-0.013 ± 0.003 
Day 3, 7 pm (defocus) 23.43 ± 0.30 
SFCT 
Morning  
Day 1, 10 am (baseline) 0.432 ± 0.018 
-0.011 ± 0.004 
+0.005 ± 0.005 
0.103 0.039 0.368 
Day 1, 12 pm (baseline) 0.420 ± 0.017 
Day 2, 10 am (defocus) 0.407 ± 0.022 
-0.006 ± 0.006 
Day 2, 12 pm (defocus) 0.401 ± 0.021 
Evening  
Day 1, 5 pm (baseline) 0.419 ± 0.017 
-0.006 ± 0.005 
+0.015 ± 0.005 
Day 1, 7 pm (baseline) 0.413 ± 0.019 
Day 3, 5 pm (defocus) 0.401 ± 0.019 
+0.009 ± 0.005 
Day 3, 7 pm (defocus) 0.410 ± 0.022 
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Figure captions           
            
Figure 1. A timeline of experimental paradigm and measurements collected over three consecutive 
days. On day 1 (no defocus, baseline day), normal ocular biometric measurements in the absence of 
defocus were collected at 10 am, 12 pm, 5 pm and 7 pm. On day 2 (morning defocus day), the effects 
of myopic and hyperopic defocus in the morning were examined with measurements taken at 10 am, 
and 2 hours after exposing the eye to defocus at 12 pm (+3.00 or - 3.00 DS in the right eye, plano left 
eye). On day 3 (evening defocus day), the effects of myopic and hyperopic defocus in the evening 
were examined with measurements taken at 5 pm, and 2 hours after exposing the eye to defocus at 7 
pm (+3.00 or - 3.00 DS in the right eye, plano left eye). Measurements of axial length (using IOL 
Master) and choroidal thickness (using spectral-domain optical coherence tomography) were obtained 
from both right (defocused) and left (non-defocused) eyes.   
Figure 2. Example of an OCT image from one measurement session, showing subfoveal choroidal 
thickness (the distance from the RPE to the inner edge of the choroidal/scleral interface at the centre 
of the fovea) and parafoveal choroidal thickness (3 mm diameter) across 1.5 mm nasal and temporal 
parafoveal choroidal regions on either side of the fovea.   
Figure 3: Mean change in axial length with myopic defocus in the morning (between 10 am and 12 
pm) and in the evening (5 pm to 7 pm) for the right defocused (A) and left non-defocused (B) eyes. 
Morning and evening changes in axial length were calculated for the baseline day (day 1, no defocus, 
shown in blue bar), and following 2 hours of exposure to defocus in the morning (day 2) and evening 
(day 3) on two separate days (shown in red bar). (A) In the right (defocused) eye, the effects of 
myopic defocus were significantly different between the morning and evening sessions (two-way 
repeated measures ANOVA time of day by defocus interaction F(1,47) = 9.896, p=0.009). (B) Left 
(non-defocused) eye showed small changes in axial length associated with defocus in the right eye 
(two-way repeated measures ANOVA time of day by defocus interaction F(1,47) = 7.367, p=0.020). 
Significant interactions from post-hoc tests are indicated by asterisks. Error bars represent standard 
error of mean.  
Figure 4: Mean change in subfoveal choroidal thickness (SFCT) with myopic defocus in the morning 
(between 10 am and 12 pm) and in the evening (5 pm to 7 pm) for the right defocused (A) and left 
non-defocused (B) eyes. Morning and evening changes in SFCT were calculated for the baseline day 
(day 1, no defocus, shown in blue bar), and following 2 hours of exposure to defocus in the morning 
(day 2) and evening (day 3) on two separate days (shown in red bar). (A) In the right (defocused) eye, 
SFCT exhibited significant differences in its thickness depending on the time of day of myopic defocus 
(two-way repeated measures ANOVA time of day by defocus interaction F(1,42) = 9.474, p=0.011). 
(B) Left (no-defocused) eye showed small changes in SFCT with defocus in the right eye (two-way 
repeated measures ANOVA time of day by defocus interaction F(1,41) = 8.743, p=0.018). Significant 
interactions from post-hoc tests are indicated by asterisks. Error bars represent standard error of 
mean.      
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Figure 5: Mean change in axial length with hyperopic defocus in the morning (between 10 am and 12 
pm) and in the evening (5 pm to 7 pm) for the right defocused (A) and left non-defocused (B) eyes. 
Morning and evening changes in axial length were calculated for the baseline day (day 1, no defocus, 
shown in blue bar), and following 2 hours of exposure to defocus in the morning (day 2) and evening 
(day 3) on two separate days (shown in green bar). (A) In the right (defocused) eye, hyperopic 
defocus resulted in a significant increase in axial length when given in the morning, but not in the 
evening (two-way repeated measures ANOVA time of day by defocus interaction F(1,50) = 4.908, 
p=0.047). (B) Hyperopic defocus in the right eye had no significant effect on the axial length of the left 
(non-defocused) eye (two-way repeated measures ANOVA main effect of defocus F(1,50) = 0.668, 
p=0.428). Significant interactions from post-hoc tests are indicated by asterisks. Error bars represent 
standard error of mean.  
Figure 6: Mean change in sub-foveal choroidal thickness (SFCT) with hyperopic defocus in the 
morning (between 10 am and 12 pm) and in the evening (5 pm to 7 pm) for the right defocused (A) 
and left non-defocused (B) eyes. Morning and evening changes in SFCT were calculated for the 
baseline day (day 1, no defocus, shown in blue bar), and following 2 hours of exposure to defocus in 
the morning (day 2) and evening (day 3) on two separate days (shown in green bar). (A) In the right 
eye (defocused) eye, hyperopic defocus caused significant thinning of the choroid on both defocus 
days (two-way repeated measures ANOVA main effect of defocus F(1,41) = 12.401, p=0.005). There 
was no significant interaction between the time of day and defocus treatment (two-way repeated 
measures ANOVA time of day by defocus interaction F(1,41) = 0.193, p=0.672). (B) Defocus in the 
right eye was associated with small changes in the subfoveal choroid of the left (non-defocused) eye 
(two-way repeated measures ANOVA main effect of defocus F(1,44) = 5.261, p=0.039). Significant 
interactions from post-hoc tests are indicated by asterisks. Error bars represent standard error of 
mean.     
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Highlights 
• Ocular response to defocus varies depending on the time of day in human subjects  
• Evening exposure to myopic defocus causes a larger reduction in axial length  
• Only morning exposure to hyperopic defocus causes an increase in axial length  
• Axial length changes are associated with opposite changes in choroidal thickness  
• Ocular diurnal rhythms may influence the eye’s response to defocus in humans  
